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We show that the correlation between the elliptic momentum anisotropy, v2, and the average
transverse momentum, [pT ], at fixed multiplicity in small system nuclear collisions carries infor-
mation on the origin of the observed momentum anisotropy. A calculation using a hybrid IP-
Glasma+Music+UrQMD model that includes contributions from final state response to the initial
geometry as well as initial state momentum anisotropies of the Color Glass Condensate, predicts a
characteristic sign change of the correlator ρˆ(v22 , [pT ]) as a function of charged particle multiplicity
in p+Au and d+Au collisions at
√
s = 200 GeV, and p+Pb collisions at
√
s = 5.02 TeV. This sign
change is absent in calculations without initial state momentum anisotropies. The model further
predicts a qualitative difference between the centrality dependence of ρˆ(v22 , [pT ]) in Au+Au colli-
sions at
√
s = 200 GeV and Pb+Pb collisions at
√
s = 5.02 TeV, with only the latter showing a
sign change in peripheral events. Predictions for O+O collisions at different collision energy show
a similar behavior. Experimental observation of these distinct qualitative features of ρˆ(v22 , [pT ]) in
small and large systems would constitute strong evidence for the presence and importance of initial
state momentum anisotropies predicted by the Color Glass Condensate effective theory.
INTRODUCTION
Anisotropies observed in the transverse momentum
distribution of long range rapidity correlations of charged
hadrons, produced in collisions of small systems at the
Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC), can originate from final state re-
sponse to the initial transverse geometry [1–14], as well
as initial momentum anisotropies in the produced par-
tons, which has been explicitly demonstrated within the
Color Glass Condensate (CGC) effective theory [15–32].
Experimental data on momentum anisotropies in small
systems, including p+Au, d+Au, and 3He+Au collisions
at RHIC [33–35], and p+Pb collisions at LHC [36–40]
have been described fairly successfully with hydrodynam-
ics based models [2, 4, 5, 7–9, 11–13], while calculations
including only initial state effects have so far failed to
describe the experimental data’s systematics with multi-
plicity and system size.
Calculations using the CGC [41–43] based IP-Glasma
[44, 45] initial conditions followed by viscous hydro-
dynamic evolution include components of both effects
[6, 10, 14, 46, 47]. In Ref. [46] the correlation between
the initial momentum anisotropy and the final elliptic
flow was determined and shown to be significant (com-
pared to the correlation of the elliptic flow with the initial
transverse geometry) for dNch/dη . 10 in the small sys-
tems at RHIC.
Until now, there has not been a clear way to exper-
imentally distinguish the dominant origin of azimuthal
anisotropies in small systems. In this letter, we demon-
strate how the measurement of the correlation be-
tween the mean transverse momentum and the ellip-
tic anisotropy as a function of multiplicity provides a
means to identify the role of initial state momentum
anisotropies. In particular, in p+A and d+A collisions,
the correlator ρˆ(v22 , [pT ]) [48], where v2 is the transverse
momentum pT -integrated elliptic anisotropy, and [pT ] the
mean transverse momentum in a given event, exhibits
a sign change from positive to negative with increas-
ing multiplicity, when an initial momentum anisotropy is
present. Excluding initial state momentum anisotropies
in a purely geometry driven version of our model results
in negative ρˆ(v22 , [pT ]) for all multiplicities. We note that
purely geometry driven models can also produce positive
ρˆ(v22 , [pT ]) in small systems [49], depending on the details
of the initial geometry, but a sign change as described
above has not been observed.
We further predict distinct differences between the cen-
trality dependencies of ρˆ(v22 , [pT ]) in O+O collisions at
RHIC and LHC energies, as initial state effects play a
more important role (in peripheral events) for lower col-
lision energies. For the same reason, we predict that
while ρˆ(v22 , [pT ]) in Pb+Pb collisions at
√
s = 5.02 TeV
turns negative with decreasing multiplicity, consistent
with experimental data from the ATLAS collaboration
[50], the same observable in
√
s = 200 GeV Au+Au colli-
sions remains positive. Observing this behavior at RHIC,
along with the predicted sign changes of ρˆ(v22 , [pT ]) in
the small systems, would constitute strong evidence for
the presence and importance of initial state momentum
anisotropies as predicted by the CGC effective theory.
OBSERVABLE AND ESTIMATORS
We compute the correlator [51]
ρˆ(v22 , [pT ]) =
〈δˆv22 δˆ[pT ]〉√
〈(δˆv22)2〉〈(δˆ[pT ])2〉
, (1)
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2where the event-by-event deviation of any observable O,
δO = O − 〈O〉, at fixed multiplicity is defined as [52]
δˆO ≡ δO − 〈δOδN〉
σ2N
δN . (2)
Here, N is the multiplicity and σN the variance of N in
a given centrality bin. The elliptic flow coefficient v2 =
v2{2} is obtained from two-particle correlations. We note
that the observable in Eq. (1) is equivalent to the one
defined in [48], computed in narrow bins of multiplicity.
We present calculations based on the hybrid model
consisting of the IP-Glasma initial state, Music vis-
cous relativistic hydrodynamics [53–55], and UrQMD
hadronic transport [56, 57]. All details of the calcula-
tion and resulting bulk observables are described in [47].
We use the same set of events for the analyses presented
here.
We compute two predictors for the ρˆ-correlator. The
first, ρˆest(ε
2
2, [s]), is based entirely on the initial geome-
try (determined at τ = 0.1 fm), using the initial spatial
eccentricity
E2 = ε2ei2ψ2 = 〈x
2 − y2〉+ i〈2xy〉
〈x2 + y2〉 , (3)
with 〈·〉 using an energy density (e) weight, as estima-
tor for v2. The second, ρˆest(ε
2
p, [s]), uses the initial mo-
mentum anisotropy as estimator for v2. The momentum
anisotropy can be computed from the initial energy mo-
mentum tensor of the IP-Glasma model as [46]
Ep ≡ εpei2ψ
p
2 ≡ 〈T
xx − T yy〉+ i〈2T xy〉
〈T xx + T yy〉 , (4)
evaluated at τ = 0.1fm, where here 〈·〉 is defined without
any weight. In both E2 and Ep, we estimate [pT ] from the
average initial entropy density, [s] = [e3/4], which has
been shown to be an optimal predictor of the average
transverse momentum in small systems [51].
To confirm that agreement of ρˆ(v22 , [pT ]) with one or
the other estimator is rooted in the dominance of initial
state or final state anisotropies for determining the ob-
servable v2, we will also compute the Pearson coefficients
of E2 with V2 and Ep with V2, defined as [58–60]
Q(E , V2) = Re〈EV
∗
2 〉√〈|E|2〉〈|V2|2〉 , (5)
where V2 is the complex valued 2
nd order flow harmonic,
here computed without pT cut.
RESULTS
We present our main result in Fig. 1, where in the up-
per panel we show ρˆ(v22 , [pT ]) for 200 GeV d+Au colli-
sions together with the geometric estimator ρˆ(ε22, [s]) and
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FIG. 1. Upper panel: The correlator ρˆ(v22 , [pt]) (circles, solid
lines) together with estimators based on the initial geome-
try (ρˆest(ε
2
2, [s]), stars) and the initial momentum anisotropy
(ρˆest(ε
2
p, [s]), squares) in d+Au collisions at
√
s = 200 GeV.
Lower panel: Pearson coefficients between v2 and the ini-
tial ellipticity (stars) and the initial momentum anisotropy
(squares), respectively.
the estimator based on the initial momentum anisotropy
ρˆ(ε2p, [s]). We determine ρˆ(v
2
2 , [pT ]) in the transverse mo-
mentum range 0.2 GeV < pT < 2 GeV. One can clearly
see that for higher multiplicities ρˆ(v22 , [pT ]) approaches
the geometric estimator, while at lower multiplicities the
initial momentum anisotropy predicts ρˆ(v22 , [pT ]) better.
Based on the color domain interpretation of the initial
state momentum anisotropy [16, 18, 23, 61, 62], we expect
ρˆest(ε
2
p, [s]) to be positive, because at fixed multiplicity,
a larger [pT ] selects events with smaller transverse size.
This reduces the number of color domains with an aver-
age size of 1/Qs, which enhances the magnitude of initial
momentum anisotropy in the CGC description [62].
The Pearson coefficients Q(E , V2) in the lower panel
show that the behavior of ρˆ(v22 , [pT ]) is a result of the
geometry dominating the elliptic flow in high multiplic-
ity events, and the initial momentum anisotropy driving
the final v2 at low multiplicity.
1 The Pearson coefficients
were studied already in [46], but they are not experimen-
tally observable. In contrast, with ρˆ(v22 , [pT ]) we have
now identified an observable whose sign change as a func-
tion of multiplicity is a clean indicator of the origin of the
elliptic flow in small systems and the presence of initial
state momentum anisotropies as predicted from the Color
1 We note that Q(Ep, E2) ranges from consistent with zero within
our statistical errors in central d+Au events to small negative val-
ues (Q(Ep, E2) ≈ −0.06± 0.02) in more peripheral d+Au events.
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FIG. 2. The correlator ρˆ(v22 , [pt]) (circles) together with estimators based on the initial geometry (ρˆest(ε
2
2, [s]), stars) and the
initial momentum anisotropy (ρˆest(ε
2
p, [s]), squares) in a)
√
s = 200 GeV p+Au, b)
√
s = 5.02 TeV p+Pb, c)
√
s = 200 GeV,
and d)
√
s = 5.02 TeV O+O collisions. Lower panels show the Pearson coefficients between v2 and the initial ellipticity (stars)
and the initial momentum anisotropy (squares), respectively.
Glass Condensate.
To further support this statement, we also show results
obtained from a calculation that only uses the initial en-
ergy density of the IP-Glasma calculation, and starts the
hydrodynamic evolution at τ = 0.1 fm to compensate for
the lack of initial radial flow. In this case, there is no
initial momentum anisotropy and the only source of el-
liptic flow is geometry driven. The resulting ρˆ(v22 , [pT ]),
shown as triangles in Fig. 1, is qualitatively different, as
no sign change is present. In fact, ρˆ(v22 , [pT ]) follows the
geometric predictor ρˆ(ε22, [s]) well over the entire range of
multiplicity.
We conclude that the experimental observation of
a sign change of ρˆ(v22 , [pT ]) from positive to negative
with increasing multiplicity in d+Au collisions at
√
s =
200 GeV will be evidence for CGC initial state momen-
tum anisotropies, that have so far eluded observation.
We show results for different systems and energies in
Fig. 2. In panel a) we present our prediction for 200 GeV
p+Au collisions, where again a sign change of ρˆ(v22 , [pT ])
is clearly visible. The same holds for 5.02 TeV p+Pb col-
lisions, shown in panel b), with the sign change occurring
at a similar value of dNch/dη. Unfortunately, existing
p+Pb collision data from the ATLAS Collaboration [50]
does not go down to low enough dNch/dη to confirm the
presence of this feature.
The energy dependence is best studied when using the
same type of collision system at both energies. This
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FIG. 3. The correlator ρˆ(v22 , [pt]) in a) O+O collisions for
√
s = 200 GeV (circles) and
√
s = 5.02 TeV (squares), and in b)√
s = 200 GeV Au+Au (circles) and
√
s = 5.02 TeV Pb+Pb (squares) collisions as functions of centrality. Results at the higher
collision energy exhibit two sign changes.
would be achievable with future O+O runs at both RHIC
and LHC. Comparing 200 GeV (c) and 5.02 TeV O+O
collisions (d), a clear qualitative difference is visible.
While at the lower collision energy ρˆ(v22 , [pT ]) is always
positive, it changes sign twice at the higher collision en-
ergy. This behavior can be interpreted as final state ef-
fects being more dominant at the higher collision energy,
where the lifetime of the system is longer.
Fig. 3 a) shows the same results for ρˆ(v22 , [pT ]) in O+O
collisions at the two different collision energies as a func-
tion of centrality, emphasizing the qualitative difference
between the two. Fig. 3 b) shows the same observable as a
function of centrality for 200 GeV Au+Au collisions and
5.02 TeV Pb+Pb collisions, two systems for which data
has already been taken. We predict that the sign change
of ρˆ(v22 , [pT ]) observed in peripheral Pb+Pb collisions by
the ATLAS Collaboration [50], and also reported at both
RHIC and LHC energy by theoretical calculations that
include only final state effects [63, 64], will not be ob-
served in peripheral Au+Au collisions at RHIC energy.
Experimental confirmation of this result will be a strong
indication of an important contribution from the initial
state momentum anisotropy to the observed v2 in peri-
pheral events.
CONCLUSIONS
We have demonstrated a way to experimentally ob-
serve the initial momentum anisotropy from the Color
Glass Condensate using measurements of the correlation
between the elliptic momentum anisotropy and the mean
transverse momentum in small systems.
The correlator ρˆ(v22 , [pT ]), computed in a framework
including both final state effects and initial state mo-
mentum anisotropies shows a sign change as a function
of multiplicity in 200 GeV p+Au and d+Au collisions at
RHIC and 5.02 TeV p+Pb collisions at LHC. The sign
change is not present in simulations that include only
geometry-driven final state effects, which demonstrates
the robustness of our conclusion. We leave a more sys-
tematic study, in particular regarding the role of the kine-
matic cuts, to a follow-up work.
We further predict that in the presence of initial state
momentum anisotropies, the correlator ρˆ(v22 , [pT ]) is pos-
itive for all multiplicities in 200 GeV O+O and Au+Au
collisions, while it changes sign in 5.02 TeV O+O and
Pb+Pb collisions. Experimental observation of these
clean qualitative signatures in peripheral heavy ion and
small system collisions will be the first evidence for
the presence and importance of initial state momentum
anisotropies predicted by an effective theory of QCD.
This will establish that the study of high energy nuclear
collisions in the regime dNch/dη . 40 provides the rare
opportunity to study the detailed properties of a non-
Abelian theory in the laboratory.
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